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Abstract 
A plasma reactor system has been developed to provide roll-to-roll surface 
treatment of fabrics and films using an air plasma.  Effects of air plasma surface 
treatment at one atmosphere can include etching, cleaning, sterilization, disinfection, and 
increasing surface energy, all without the use of chemical inputs and with minimal toxic 
by-products.  Webs can be continuously and uniformly treated by proper control of gas 
flow, electrode configuration, plasma parameters, fabric speed, and fabric tension.  Tests 
conducted in this work focused on raising the surface energy of PET and HDPE using 
various electrode configurations.  For industrial applications, the exposure time required 
to make the surface wettable (having a contact angle less than 20 degrees) should be one 
second or less. 
The reactor system was tested with a variety of electrode geometries, two of the 
more successful of which were a variable gap curved-to-flat plate geometry that consists 
of a rotating, grounded, stainless steel drum in combination with a flat transparent upper 
electrode.  In this configuration, a One Atmosphere Uniform Glow Discharge Plasma 
(OAUGDP)® exists at the minimum gap, but tends to transition to a filamentary glow 
discharge as the gap widens.  This filamentation was minimized by proper gas flow and 
adjustment of the dielectric barrier configuration, reducing any negative impact on 
processing results.  When a transparent electrode configuration is in use, the 
phenomenology of this unique plasma volume can be studied in situ in both the normal 
and transverse directions with respect to the electric field.  Results are compared to 
previous experiments conducted in the Plasma Sciences Laboratory using static sample 
exposure, including effects of the exposure duration time and the ageing effect.  Contact 
 vi 
angle measurements based on the sessile water drop test were conducted to confirm 
proper operation and uniformity of effect. 
 vii 
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I. Introduction 
The surface treatment of materials is becoming an important process in many 
areas of industry.  The most widely-used surface treatment application is the raising of 
surface energy to improve the printability, adhesion, or wettability of a polymer surface.  
Surfaces often can be treated either by chemical or plasma-based means, but plasma-
based methods are rapidly demonstrating their advantages over older chemical methods.  
However, most industrial plasma processing requires low pressures to perform well, and 
thus use expensive vacuum systems and batch processing. 
The goal of this work was to prepare and optimize the Mod-VIII reactor to use the 
patented One Atmosphere Uniform Glow Discharge Plasma (OAUGDP®) for surface 
treatment of polymer films, thus demonstrating surface treatment without a vacuum 
system.  Depending on the type of feed gas, a variety of results can be achieved.  When 
operated with air as the working gas, the Mod-VIII can raise the surface energy of plastic 
webs for hours or days, allowing subsequent printing or adhesive operations to take place 
in an assembly line scenario.  The durability of the treatment with air depends on the type 
of material being treated.  The Mod-VIII reactor is a roll-to-roll direct exposure system 
which can treat any thin film or fabric without damage to its surface.  During the 
optimization process, a variety of electrode configurations were tested to determine an 
optimum design.  Eventually, a flat Pyrex plate was chosen to create a transparent 
electrode through which the plasma optical characteristics could be studied during 
operation.   
To assure industrial relevance, it was desired for the plasma exposure time to be 
reduced to less than one second, while still achieving wettability of the exposed polymer 
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webs.  The exposure time required to reach the desired surface energy is dependent on 
controllable plasma parameters such as the RF frequency, applied voltage, minimum gap 
distance, and average temperature.  Polyethylene Terephthalate (PET) and high density 
polyethylene (HDPE) were processed by the Mod-VIII with the goal of rendering these 
plastic films uniformly wettable at one atmosphere with one second or less of exposure 
time.  The films were tested with sessile water drop contact angle measurements.  Optical 
microscopic inspection was conducted to look for surface damage. 
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II. Literature Review 
2.1 Brief History 
Research into plasma began with the electrical discharge experiments of Sir 
Humphry Davy in 1808 [1].  In 1928, Irving Langmuir introduced the term “plasma” and 
defined it as an approximately electrically neutral collection of ions and electrons which 
may or may not contain a background neutral gas, and which is capable of responding to 
electric and magnetic fields [1].  A plasma can be thought of as a gaseous conductor, 
analogous to a metal conductor, except that it has no tensile or compressive strength, and 
the free ions conduct in addition to the free electrons [2].  The first experiments with 
glow discharge plasmas were performed with high voltage direct current (DC).  These 
DC discharges were created at low pressures, and a wide range of operating regimes was 
identified, as shown in Figure 1.  The three main regimes are the dark discharge, the glow 
discharge, and the arc discharge, with each regime having unique characteristics. 
The first widespread application of DC electrical discharges began in the 19th 
century as electrical arcs for illumination [1].  Since then, applications were found for 
both corona and glow discharge plasmas.  The corona discharge usually occurs on fine 
wires or sharp points at high voltage, where such geometries lead to electric fields high 
enough to break down the surrounding gas [1].  Thus, corona is usually studied from a 
desire to suppress it on power lines and in high voltage equipment.  The glow discharge 
was first observed as a DC discharge, but research evolved to alternating current (AC) 
discharges, such as in the dielectric barrier discharge (DBD) configuration.  W. Siemens 
invented the DBD in 1857 [3]. 
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Figure 1:  Operating regimes of the classical low pressure electrical DC discharge 
[1]. 
Shown in Figure 2, this design consisted of a cylindrical glass tube, with a 
metallic coating on the interior, covered by a metal cylinder.  Oxygen was blown through 
the annular gap between the outer metal cylinder, which was grounded, and the glass 
tube, the interior metal coating of which was raised to high voltage.  It was in this gap 
where the discharge took place.  Siemens studied this type of plasma as a method of 
ozone generation (a newly discovered chemical at the time).  The main difference 
between this configuration and the typical DC discharge of the day was that the plasma 
was generated without being in direct contact with the metal electrodes.  Originally, DC 
excitation, requiring the flow of real currents, was used but then AC excitation, requiring 
only displacement currents, was developed.  The DBD found widespread industrial use in 
Europe as an ozone generator for water treatment as early as 1900 [4].  In 1933, von 
Engle et al successfully created a DC plasma discharge in air at one atmosphere.  
However, this required igniting the plasma at low pressure, then slowly bringing the 
pressure up to one atmosphere, where its stability was marginal [5].  In 1968, operation of  
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Figure 2:  Dielectric barrier discharge tube of W. Siemens, 1857 [3]. 
 
a DBD at atmospheric pressure was reported [6].  In 1983, another atmospheric pressure 
plasma device was reported on in the literature [7].  In this instance, as seen in Figure 3, a 
stable microwave plasma driven at 2.45 GHz was generated in a pure nitrogen 
atmosphere [8].  In 1988, Kanazawa et al generated an atmospheric pressure plasma in 
helium using the DBD configuration [9].  In 1993, Roth et al reported the creation of a 
uniform plasma in air at atmospheric pressure, coined the term One Atmosphere Uniform 
Glow Discharge Plasma (OAUGDP®), and proposed ion trapping as an important 
mechanism in the stability of the discharge [10].  In the literature, the OAUGDP® is 
referred to in several ways, such as an atmospheric pressure glow discharge (APGD or 
just APG), diffuse barrier discharge (DBD; this can be confused with the dielectric 
barrier discharge acronym, and will not be used in this text), or glow discharge (GD) [3, 
11, 12, 13].  In this text, plasmas operating at one atmosphere in the normal glow 
discharge regime will be referred to as either “uniform”, or an OAUGDP®. 
 
Glass tube with 
interior metal 
coating 
Discharge Gap 
Gas Flow 
Gas Flow 
Cross Section 
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Figure 3:  An early atmospheric pressure plasma reactor [7]. 
 
2.2 The DBD vs. the OAUGDP® 
The last two atmospheric pressure plasmas mentioned in the previous section may 
have the same hardware configuration as the DBD.  In the DBD hardware configuration, 
stable, direct current flow cannot be maintained, since at least one electrode is covered 
with a dielectric barrier.  Therefore, AC or RF signals are most often used so that only 
displacement currents flow.  The frequency that drives these displacement currents is in 
the range of 50 Hz to 10 MHz [3].  The most common DBD electrode geometry is two 
parallel flat plates, as is illustrated in Figure 4.  However, the plasma generated in this 
configuration can exist in the two different operating regimes previously mentioned: 
filamentary and uniform.  In the literature, it is commonly accepted that a DBD plasma is 
filamentary and thus at atmospheric pressure takes on the appearance of a collection of 
multiple microfilament discharges, called streamers or avalanches, each of which have 
lifetimes on the order of nanoseconds [3].  The radial dimension of these streamers is 
generally a function of gas composition and pressure, but can be time-dependent [3, 11].   
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Figure 4:  Typical DBD configurations [3]. 
 
The physics of the DBD is similar to the physics of the Townsend discharge, and is 
sometimes referred to as a corona or Townsend regime discharge (see Figure 1) [3]. 
The DBD is an easy to build, easy to operate discharge configuration, and thus has found 
relevance in industry for certain plasma treatment applications.  Until about two decades 
ago, the main application of DBD systems has been the generation of ozone for water 
treatment [3].  Since this application has been in use for well over a hundred years, the 
science of ozone production using the DBD has become very specialized, with specific 
cylindrical geometries being used on a large scale, as can be seen in Figures 5 and 6.  In 
the past decade, the uses of the DBD have expanded.  Modern applications of the DBD 
include plasma chemical vapor deposition (PCVD), excitation of CO2 lasers, and flat 
panel displays [3].  In addition, the surface treatment of papers and polymeric thin films 
using DBD and corona reactors have gained acceptance in industry [14, 15]. 
While the hardware may be the same, the physics of the OAUGDP® differs from 
that of a DBD.  It operates in the normal glow regime shown in Figure 1, and is 
homogeneous in its appearance and effect, as can be seen in Figure 7b [1].  The 
OAUGDP® shows the classic positive column and negative glow structures similar to the 
DC glow discharge, except that these structures reverse to follow the instantaneous 
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Figure 5:  Modern design of a DBD discharge for ozone production [3]. 
 
 
 
 
Figure 6:  Large scale ozone generator [3]. 
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Figure 7:  a) The time-resolved discharge of a DBD, and b) the discharge of a 
uniform glow, both in Helium (10 ns exposure times) [17]. 
Positive Column Faraday Dark Space 
Negative Glow 
Streamers 
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cathode and anode for each half cycle [9].  Several parameters play a role in dictating 
whether a discharge becomes filamentary or uniform.  These include gap distance 
between the electrodes, gas composition, applied frequency of high voltage, gas pressure, 
gas flow rate, and properties of the dielectric barrier [1].  It can be difficult to achieve a 
true normal glow discharge in electronegative gases such as air [13, 16].  In fact, it has 
been found that the concentration of oxygen-containing molecules plays a strong role in 
streamer formation, and may determine the transition between the filamentary and 
uniform modes of the discharge.  In one experiment, with a mixture of only nitrogen and 
oxygen, an oxygen concentration below 500 ppm allowed a uniform glow to appear, 
while above this threshold only a filamentary discharge was possible [13].  It has been 
claimed that a discharge can be uniform in appearance, yet still not operate in the normal 
glow regime because of an expansion of the radius of the streamers, and not a change of 
physical behavior of the discharge, leading to the appearance of uniformity to the naked 
eye [3, 11].  Figure 8 contrasts characteristic time-based current and voltage waveforms 
of the DBD versus the OAUGDP®, both impedance-matched with the reactive 
component of current removed. 
Roth proposed the ion trapping mechanism as an important difference between 
the phenomenology of the OAUGDP® and the DBD [1].  With an optimum combination 
of gap distance, applied voltage, and voltage driving frequency, the charged ions can be 
trapped between the electrodes while the electrons are free to reach the walls and build up 
surface charge.  The driving frequency, 0, should be with within the limits 
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Figure 8:  a) The current and voltage waveform of a DBD, and b) the same for the 
OAUGDP® [17]. 
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  (1) 
where e is the electronic charge, Vrms is the applied voltage, m is the species mass, and c 
is species collision frequency with the neutral background gas, the species subscript 
being e for electrons and i for ions.  So far it has not been possible to experimentally 
confirm these quantitative frequency limits theoretically, since average values, as 
opposed to the instantaneous values, of the parameters cannot be used in this equation 
[18].  Using such average values in this equation yields a frequency range higher than the 
frequency range of uniform operation that experimental evidence demonstrates [11]. 
Using the OAUGDP® instead of the DBD for industrial applications has multiple 
benefits, including lower plasma maintenance power [9].  In addition, the OAUGDP® has 
produced better results in surface processing reactors than a DBD [16, 17, 19].  It can 
sustain higher power densities, and its homogeneity allows the OAUGDP® to achieve a 
uniformity of effect on the microscopic level, as was shown by previous work in the UT 
Plasma Sciences Laboratory [20]. 
 
2.3 Plasma Surface Treatment 
Plasma surface treatment is the process of modifying the properties of the surface 
of a substrate or workpiece by exposure to a plasma [21].  The most common objective of 
surface treatment is raising the surface energy of the treated material.  Surface energy is a 
measure of a solid surface’s ability to do work against the surface tension forces of a 
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liquid in contact with it, to create a unit area of contact surface at constant temperature 
[9].  Originally, surface treatment of films and fabrics was performed by chemical means.  
Exposing the surface of polymer films to the proper chemicals can clean the surface and 
raise the surface energy.  For example, wool can be treated by a chlorination process to 
remove the layer of oil (lanolin) on the fiber to facilitate dyeing [22].  Acrylic (PMMA) 
plastic can be treated with a chromic-sulfuric acid treatment to improve bonding to other 
surfaces [23].  Plasma processing techniques can be used for these purposes instead of 
chemical treatments to achieve similar or better results [24].  Using a plasma instead of 
purely chemical means of modifying the surface achieves better results by the generation 
of active species that are of higher concentration, different in kind, more reactive, and 
more energetic [9].  In addition, toxic or unwanted by-products usually can be reduced or 
eliminated through plasma processing. 
The industrial use of plasma surface treatment has been common for over 35 
years [23].  Plasma surface treatment is the process of modifying the properties of the 
surface of a substrate or workpiece by exposure to a plasma [21].  This can be done using 
corona discharges, glow discharges, or arc discharges either in air or another working 
gas.  Each approach has advantages and disadvantages depending on the specific 
application and substrate to be treated. 
 
2.3.1 Plasma Surface Treatment in Vacuum 
Initially, plasmas were generated in vacuum, requiring expensive pumping 
systems and slow batch processing.  A major application of plasma surface treatment is 
the precise etching of silicon wafers for the design of computer microprocessors.  This 
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process replaced chemical etching, the toxic by-products of which led to one of the 
largest concentration of federal superfund cleanup sites in the United States [9].  Other 
plasma-related industrial processes such as plasma chemical vapor deposition (PCVD), 
sputtering, implantation, and etching all occur at low pressure.  The benefits of low-
pressure are three-fold.  The first two aspects are derived from Paschen’s Law, which 
governs the breakdown electric field of a gas versus the product of gap distance and 
pressure.  The lower this product, the easier it is to break down the gas electrically, until 
the so-called Paschen minimum is reached.  Below this value, it again becomes 
increasingly difficult to break down the gas.  Therefore, above the Paschen minimum, it 
is easier to generate a plasma at low pressure, since, the breakdown electric field of any 
gas is directly proportional to pressure [1].  Also, a higher ionization fraction is possible 
at lower pressures, enhancing the efficiency of the desired process [1].  Finally, lower 
pressures mean lower neutral gas densities, which allow the charged particles to travel 
longer distances before colliding with the neutral background gas.  This distance is the 
mean free path, high values of which are important for directional etching in 
semiconductor manufacturing [9]. 
Despite the advantages of plasma processing over chemical processing, 
widespread adoption of plasma surface treatment outside the microelectronic industry has 
not occurred.  The obvious disadvantage of any process conducted under vacuum is the 
requirement for expensive vacuum pumping and containment systems, and the 
requirement for batch processing of workpieces.  Therefore strong motivations exist to 
move industrial plasma processing from vacuum to atmospheric pressure. 
 
 15 
2.3.2 Plasma Surface Treatment at Atmospheric Pressure 
Atmospheric pressure plasmas are now being investigated with the expectation of 
replacing most industrial plasma processing operations that take place under vacuum.  A 
hypothesis has been put forward that states “Any plasma processing task possible with a 
glow discharge in vacuum can also be performed by a glow discharge at one atmosphere, 
provided that long mean free paths are not required” [18].  Operating the same process at 
atmospheric pressure has the key advantages of being cheaper and quicker, since it does 
not require an expensive vacuum system and allows continuous operation [9]. 
There exist several atmospheric pressure plasma reactor systems that have been 
implemented industrially.  Surface treatment reactors based on atmospheric corona 
discharges, DBD’s, and arc discharges are in use.  Companies such as Sigma 
Technologies International and Enercon Industries produce atmospheric plasma reactors.  
Sigma introduced their first atmospheric reactor in 1999, and list several applications for 
it:  increasing surface energy, cleaning organic contaminants, sterilization, and nanolayer 
functional coatings [15].  Enercon’s Plasma3TM atmospheric plasma system allows 
cleaning, etching, reinforcing, and deposition onto surfaces [14].  Enercon conducted a 
trial test of polypropylene (PP) film wetting.  They tested the printability of untreated PP, 
corona treated PP, and plasma (normal glow) treated PP.  They then performed the 
standard tape adhesion test, and found that 100% of the ink was removed from the 
untreated sample, 10% of the ink was removed with the corona treated sample, and 0% 
was removed with the plasma treated sample [14].  According to their websites, these are 
true normal glow discharges, not the corona discharges found elsewhere in industry.  
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New systems based on plasma jets are also being investigated as surface treatment 
reactors [25]. 
In the UT Plasma Sciences Lab, extensive research into plasma surface treatment 
has been performed using the OAUGDP® [20, 22, 26, 27, 28].  Initially, etching of 
photoresist and polymer surfaces was demonstrated.  The Eaton Corporation provided 20 
cm diameter wafers with a coating of photoresist that was etched by the OAUGDP®.  It 
was found that the etching rate was 270 nm/minute with a 5% uniformity of effect across 
the entire surface [27].  Figure 9 shows a contour plot of the resulting etch.  In addition, 
using the OAUGDP® to increase surface energy was investigated [22].  High surface 
energies improve a material’s wettability, allowing improved painting, adhesion, dyeing, 
or bonding [9].  It was found that in as little as one second certain polymers could be 
rendered wettable, with surface energies as high as can be measured, 73 dynes/cm.  
Teflon has been made wettable after a five minute exposure to the OAUGDP®, and 
natural fabrics such as wool also have been made permanently wettable. 
 
 
Figure 9:  Isometric contour plot of OAUGDP® etching on photoresist [27].  (Wafer 
and topographical analysis courtesy of the Eaton Corporation.) 
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The physical mechanisms responsible for high surface energy and wettability 
vary, depending on the material treated.  For instance, wool contains a natural grease on 
the fibers called lanolin, which gives wool its waterproofing and water-shedding 
characteristics.  However, this also makes wool difficult to dye or on which to print 
patterns.  The OAUGDP® removes this thin layer of grease in less than 10 seconds, 
causing the wool fibers to be hydrophilic, and rendering it printable and dyeable with no 
toxic by-products.  For polymers, the surface energy is raised by removing contaminants 
from the surface, usually consisting of tightly adsorbed monolayers [9].  When operated 
in air, the high surface energies imparted by OAUGDP® treatment will decay with time 
as the surface of the polymer becomes re-contaminated.  This is called the ageing effect.  
However, if the proper feed gases are used, such as oxygen or carbon dioxide, the surface 
energy of polymers can be permanently raised by chemical modification of the surface. 
 Many of the original surface treatment experiments in the UT Plasma Sciences 
Laboratory were conducted with the Mod-IV reactor, a parallel-plate reactor requiring 
batch processing of materials, as shown in Figures 10 and 11 [20].  While proof of 
concept was achieved with this approach, the full industrial potential of the OAUGDP® 
can be achieved only with a continuous or roll-to-roll reactor system.  Thus, the Mod-
VIII OAUGDP® reactor was envisioned as a next step to prove the practicality of 
atmospheric plasma treatment. 
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Figure 10:  Schematic of the Mod-IV Reactor [29]. 
 
 
Figure 11:  Digital image of the Mod-IV Reactor plasma [29]. 
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III. Experimental Methods 
3.1 The Mod-VIII Reactor 
 The Mod-VIII reactor is a different approach to the treatment of workpieces using 
the OAUGDP®, compared to previous reactor designs in the UT Plasma Sciences 
Laboratory.  At the expense of limiting the workpiece to rolls of film or fabric, the Mod-
VIII allows for the continuous treatment of these rolls, and, in the future, the coating of 
such films or fabrics using Plasma Chemical Vapor Deposition (PCVD) techniques.  A 
diagram of the original Mod-VIII design is shown in Figure 12.  Several design 
modifications were made to ensure proper control of the films and the generation of 
plasma, which later will be discussed in detail.  Figure 13 shows some of these 
modifications, including a new driving assembly, a flat quartz plate electrode, and 
specialized drive belting. 
This reactor has two main assemblies, the treatment assembly and the roll 
assembly.  As illustrated in Figures 14 and 15, the fabric is fed from the roll assembly 
through driving and guide rollers into the treatment assembly, where the fabric is passed 
directly through the plasma volume generated between the rotating drum and the high 
voltage electrode.  The film is guided out of the treatment assembly to the take-up roll in 
the roll assembly, where it is removed and tested. 
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Figure 12: Original Mod-VIII reactor design. 
 
 
 
Figure 13:  The Mod-VIII design after development program. 
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Figure 14: Digital image of the side view of the Mod-VIII reactor. 
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Figure 15: Obverse elevation of the Mod-VIII reactor. 
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3.1.1 Treatment Assembly 
The treatment assembly has four main subsystems.  These are the plasma 
generation subsystem, the gas feed subsystem, the water-cooling subsystem, and part of 
the fabric feed subsystem.  For surface treatment experiments, the water-cooling 
subsystem is not used, since heat build-up was not an issue during the short treatment 
times required.  The gas feed subsystem consists of compressed air injected into the 
plasma volume through the inlet nozzle, and an exhaust vent suctioning the air into the 
building exhaust treatment system, as diagramed in Figure 16. 
The most important subsystem of the Mod-VIII is the plasma generation 
subsystem, also outlined in Figure 16.  Here, important parameters include the electrode 
geometry, the properties of the dielectric materials, and the applied voltage, current, and 
frequency.  The OAUGDP® is generated by applying a high RF voltage between two 
electrodes that are separated by a small air gap.  The power supply was one or two 
Powertron 1500C amplifiers connected to four oil-submerged Industrial Test Equipment 
high voltage transformers, model VT-35/RM-109 (turns ratio 1:40).  Two aspects of 
plasma uniformity were desired in designing the proper electrode configuration.  The first 
is uniformity of coverage, which means that in the entire volume between the two 
electrodes, the plasma exists without bright and dark areas.  Second is the uniformity of 
the plasma itself, as discussed in the previous chapter.  At least one of the electrodes is 
covered with a dielectric layer to prevent the glow-to-arc transition, or real currents from 
flowing, and to allow surface charge buildup.  In some cases, both electrodes are covered 
to improve uniformity.  Most reactor optimization took place in this subsystem.  Six 
electrode configurations were tested. 
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Figure 16:  Gas feed and plasma generation subsystems. 
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The original design, part of the original reactor hardware, is shown in Figure 17.  
This design included a stainless steel horn, which doubled as a gas feed diffuser.  It was 
quickly determined that this design would not be able to generate a uniform plasma.  This 
configuration never reached the stage of testing rolls of film or fabric. 
The second design was a curved solid aluminum horn with adjustment screws for 
every degree of freedom, shown in Figure 18.  This design was implemented, but 
subsequent burn-in tests showed that it was impossible to get the uniformity of coverage 
needed, as illustrated in Figure 19. 
A third design was attempted using a flat quartz plate as the dielectric barrier, as 
shown in Figure 20.  While this design was not ideal in delivering the maximum amount 
of effect to the film versus electrical input power to the plasma, the trade-off was in the 
precision alignment this geometry made possible, resulting in a uniform coverage of the 
plasma along the length of the drum.  This design was very successful, and its results will 
be discussed in the next section. 
In the process of attaching a transparent electrode modification to the quartz plate 
in order to study the plasma normal to the drum surface, the quartz plate cracked and 
became useless.  Therefore a fourth design was implemented, with materials borrowed 
from Atmospheric Glow Technologies, a spin-off company of the UT Plasma Sciences 
Laboratory.  In this configuration, a single square quartz tube 61 cm long with 2 x 2 cm 
cross section was aligned over the drum in the manner shown in Figure 21.  Sulfuric acid 
diluted in water (concentration less than 5%) was used to create an electrically 
conductive fluid in the tube, with a resistivity of approximately 24 ·cm.  Sulfuric acid 
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a)      b) 
Figure 17:  Stainless steel horn electrode a) side view, b) top view showing Kapton-
covered drum electrode. 
 
  
a)      b) 
Figure 18:  a) Positioner of b) aluminum curved electrode. 
 27 
 
Figure 19:  Poor uniformity of coverage with aluminum curved electrode. 
 
 
   
a)     b) 
Figure 20:  Flat plate and drum electrode system.  a) Quartz plate electrode, and b) 
side view showing minimum gap. 
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Figure 21:  Square quartz tube electrode. 
 
 
has a conductivity curve versus concentration that peaks at an electrical conductivity of 
0.85 S/cm at 30%, as shown in Figure 22.  The square quartz tube allowed undistorted 
visual observation of the plasma normal to the electrode surface.  However, a good 
uniformity of coverage was not achieved in this configuration due to a slight curvature in 
the exposed side of the quartz tube.  Surface treatment experiments were not carried out 
with this design. 
A flat plate of Pyrex glass was procured with the proper dimensions, and thus a 
final design was implemented which was similar to the previous flat quartz plate design.  
A flat transparent electrode consisting of a 0.32 cm thick plate 35.5 cm wide by 25.4 cm 
tall supporting a tank of 30% sulfuric acid with a resistivity of 1.25 ·cm was mounted in 
front of the drum as shown in Figure 23.  The positioning apparatus was modified to 
allow precision alignment of gap distance and axial and poloidal angle with three 
micrometers supporting the transparent electrode, and mounted in the reactor wall.  This  
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Figure 22:  Conductivity versus concentration for sulfuric acid (H2SO4) [30]. 
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Figure 23:  Transparent flat Pyrex plate. 
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design experienced two malfunctions which led to the failure of tank integrity.  No 
surface treatment experiments were therefore performed with this design, although 
plasma generation testing will be discussed in the next section. 
The final design consisted of the same apparatus as the transparent electrode, except that 
the tank was drained, the back plate removed, and copper tape was fixed to the back of 
the Pyrex plate, similar to the original flat quartz plate design.  This design, shown in 
Figure 24, operated in similar fashion to the flat quartz plate.  Surface treatment tests 
were conducted with PET and HDPE. 
 
3.1.2 Fabric Assembly 
 To make the Mod-VIII reactor industrially relevant, continuous operation had to 
be demonstrated.  The fabric assembly has two subsystems, the driving subsystem, and 
the guiding subsystem.  The driving subsystem, illustrated in Figures 25-27, was 
designed to allow the fabric to be fed through the treatment assembly at a constant speed 
and tension.  Two driving rollers compress together to keep the fabric feeding into the 
treatment assembly at a constant rate, while the take-up roller is driven in a “constant 
torque” mode which maintains near-constant tension on the fabric.  This is made possible 
by two microprocessor-controlled asynchronous motors, one of which is belted to the 
driving roller and grounded drum electrode, while the other directly drives the take-up 
roller.  Custom fabricated pulleys were required to synchronize the angular rotation speed 
of the driving roller with the drum.  Minor modifications were made to eliminate belt 
slippage during operation. 
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Figure 24:  Flat Pyrex plate design. 
 
 
 
Figure 25:  Fabric drive subsystem. 
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Figure 26:  Take up/tensioner drive controller. 
 
 
Figure 27:  Main drive controller. 
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3.2 Film Workpieces 
  Two films were tested using the Mod-VIII reactor.  These were polyethylene 
terephthalate (PET) and high density polyethylene (HDPE).  A summary of their 
properties is shown in Table 1. 
 
3.3 Diagnostic Methods 
3.3.1 Electrical Plasma Diagnostics 
 A new digitizing oscilloscope, the Tektronix 3014B, was acquired to allow more 
sophisticated measurements of electrical parameters.  Instantaneous power waveforms 
can be displayed, from which average real power consumption can be calculated 
automatically.  A high sampling rate allows current-spiking to be examined in detail.  The 
oscilloscope can be directly connected to the network, and has a color phosphor screen.  
Data can be downloaded to a workstation computer via any web browser.  A Tektronix 
P6015A high voltage probe was used to measure voltage, while a Pearson Electronics 
model 2100 current monitor was used to measure current in the high voltage lead wire. 
 
Table 1:  Properties of films used in experiments. 
Material Thickness 
( m) 
Untreated Surface Energy 
(dyne/cm) 
Polyethylene Terephthalate (PET) 51 42 
High Density Polyethylene (HDPE) 51 32 
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3.3.2 Plasma Optical Diagnostics 
 Visual observations of plasma characteristics were made during the burn-in phase 
and surface treatment tests.  Standard exposure digital images were made using a Nikon 
D70 with tripod and various lens configurations.  Tangential, as well as conventional 
images were made. 
 
3.3.3 Film Treatment Diagnostics 
 Once the films were treated, diagnostics were conducted to determine the effect 
plasma exposure had on them.  Contact angle measurements using the sessile water drop 
test were made with a Tantec CAM-Plus contact angle meter, shown in Figure 28.  This 
method provides important information about the wettability of the surface of materials. 
The contact angle is the tangent angle between a surface and a liquid droplet at their 
contact point [9].   
 
 
Figure 28: The Tantec contact angle meter. 
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The contact angle can be related to the surface energy of the solid surface by the 
following equation, 
θγγγ cosLVSLSV =−    (2) 
where LV is the surface tension between the liquid and vapor, SL is the surface tension 
between the solid and liquid, and SV is the surface tension between the solid and vapor.  
These quantities can be thought of as vectors representing the forces at work between the 
three phases of matter at their points of contact, as shown in Figures 29 and 30. 
 
3.3.4 Film Optical Diagnostics 
 Close-in photographs with a magnification of 4X were taken of treated samples to 
examine macroscopic surface topology changes and evidence of pin-holing.  A Nikon 
D70 camera and a fabric mounting apparatus were used for these pictures.  This setup is 
shown in Figure 31. 
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Figure 29:  Contact angle measurement [9]. 
 
 
 
 
Figure 30:  Contact angle force balance [9]. 
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Figure 31:  Setup for microscopic imaging of film samples. 
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IV. Experimental Results 
4.1 Flat Plate Quartz Electrode 
4.1.1 Initial Testing 
 It is essential for proper surface treatment that there be a uniform distribution of 
plasma power density across the width of the web, and that the plasma itself is in a 
uniform mode of operation.  The first was easily achieved due to this particular electrode 
design, shown in operation in Figure 32.  Therefore the first goal was to determine the 
operating parameters for the uniform mode.  These operating parameters include applied 
voltage, frequency, (minimum) gap distance, air flow, and dielectric barrier 
configuration.  Unlike the standard parallel plate configuration, as in the Mod-IV reactor 
previously discussed, the curved-flat configuration was prone to create high 
concentrations of filaments towards the top and bottom ends of the volume where the gap 
widens.  In addition, high power operation (greater than 3 W/cm3) caused excessive 
filamentation throughout the volume.  In Figure 33, which illustrates both of these cases, 
the image is looking longitudinally along the surface of the drum (on right), and the 
dielectric barrier (quartz) on the left.  Therefore, the operating parameters had to be 
examined systematically in order to find an optimum uniform mode of operation while 
delivering the maximum possible power to the plasma volume.  For parallel plate 
configurations, it has previously been found that a 2 mm gap is optimum for uniformity, 
so this value was used as the minimum gap, which is the smallest gap distance between 
the dielectric plate and the drum. 
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Figure 32:  Flat plate quartz electrode in operation. 
 
 
 
   
a)   b) 
Figure 33:  a) Edge filamentation 6 kHz, 10 kV, b) high power filamentation 3 kHz, 
8 kV. 
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When properly analyzed, the voltage, current, and instantaneous power 
waveforms can reveal the mode of operation of the plasma.  A series of tests at 0.5, 3, and 
6 kHz were conducted to examine the effect of frequency on uniformity.  The waveforms 
are presented in Figures 34-37.  The high voltage transformers used in this experiment 
were not rated for operation at 500 Hz, and thus produced nonlinearities in the secondary 
voltage and current signals.  Principally for this reason, significant power could not be 
delivered to the plasma volume at this frequency.  At 3 kHz, in high power operation, the 
voltage waveform was nearly distortion free, while at 6 kHz, the voltage waveform 
became more distorted.  At 6 kHz, maximum power could not be delivered to the plasma 
volume with the power supply configuration being used.  In an effort to reduce the 
filamentation caused by high power operation, an additional dielectric film was placed 
over the normally bare cylindrical drum electrode.  This method was very successful.  
Figure 36 shows the waveforms with a layer of PET on the grounded drum electrode.  
When comparing the current waveforms, one can see there is a reduction of plasma 
generation (the spiking in the current and power waveforms) in the negative half-cycle, 
while the positive half-cycle is still initiating plasma.  Apparently, a dielectric barrier on 
the grounded electrode, when it is the instantaneous cathode (the negative half-cycle), 
impedes the breakdown process.  This may simply reduce the average power density in 
the plasma volume, thus eliminating filamentation, or it may occur because of the 
suppression of real currents from the plasma.   
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Figure 34:  Flat quartz plate at 500 Hz, 10 kV (drum uncovered). 
 
 
Figure 35:  Flat quartz plate at 3 kHz, 9 kV (drum uncovered). 
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Figure 36:  Flat quartz plate at 3 kHz, 9 kV (drum covered with PET). 
 
 
Figure 37:  Flat quartz plate at 6 kHz, 5 kV (drum uncovered). 
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4.1.2 Surface Treatment Results 
 Runs of PET and HDPE were conducted and contact angle measurements made 
with the plasma in a uniform mode, such as that of Figure 36.  Some encouraging results 
were achieved with this configuration before the quartz plate was fractured during 
modification.  The goal was to achieve wettability (a contact angle of 20° or less) in one 
second or less.  This was not accomplished with either film, but the results came very 
close.  For HDPE, shown in Figure 38, a contact angle of 40° was achieved in one 
second, and was not reduced further.  This contact angle corresponds roughly to 63 
dyne/cm [31].  For PET, shown in Figure 39, wettability was achieved, but in three 
seconds instead of one.  Web speeds are indicated in the boxes in each graph.  These 
values are far below expected industrial norms, where 100 m/min are common, but web 
speeds should be capable of being scaled up with larger plasma volumes. 
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Figure 38:  Surface treatment of HDPE:  Contact angle versus treatment time. 
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Surface Treatment Comparison, PET
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Figure 39:  Surface treatment of PET:  Contact angle versus treatment time. 
 
4.2 Square Quartz Tube Electrode 
4.2.1 Initial Testing 
 Plasma generation tests were conducted with the square quartz tube at 1 and 3 
kHz to determine the feasibility of using this configuration for uniform surface treatment 
experiments.  Figure 40 shows this configuration in operation.  This configuration 
probably would have been successful if it were not for a slight deformation on the left 
side of the quartz tube, resulting in a loss of uniform coverage of plasma, as shown in 
Figure 41.  Nevertheless, since this was the first operational transparent electrode design 
in the Mod-VIII, a few brief tests were conducted.  A plasma volume of approximately 
24 cm3 could be generated.  Good power density of 4 W/cm3 was achieved.  However, 
near this power density, internal tracking (breakdown) between the electric field 
distribution wire and the quartz wall occurred, risking damage to the quartz tube. 
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Figure 40:  Square quartz tube in operation. 
 
 
Figure 41:  Square quartz tube showing irregularity of plasma. 
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Temporal shifting from a filamentary discharge to a uniform discharge behavior 
was seen, similar to observations by Rahel [11].  At 6 kV, 1 kHz, a uniform discharge 
was eventually achieved, as shown in Figure 42.  Current filamentation was 
asymmetrical, indicating a more uniform mode of operation.  However, at this frequency, 
the power density was too small, roughly 1 W/cm3.  At 5 kV, 3 kHz, the power density 
was increased to 3 W/cm3, but filamentation could not be eliminated, as can be seen in 
Figure 43.  Air flow could not eliminate the filamentation, as can be seen in Figure 44.  
Interesting striations could be seen without air flow.  With the mounting system for the 
tube, the axial “twist” of the tube could not be easily adjusted.  The tube’s bottom edge 
was slightly closer to the exposure drum than the top, which led to the unique paths of 
travel of the filamentation shown in Figure 44. 
 
4.3 Transparent Flat Pyrex Plate Electrode 
4.3.1 Initial Testing 
A transparent electrode arrangement is occasionally used in research to examine 
plasma properties in plan view, perpendicular to the surface of the electrodes.  This angle 
provides visual confirmation of the mode of operation of the plasma.  In order to verify 
that the plasma volume of the Mod-VIII reactor was truly in a uniform mode with an 
electrode configuration similar to the successful flat quartz plate design, the flat Pyrex 
plate design was built and installed on the Mod-VIII.  However, due to multiple failures 
from material and design defects, little data were gathered.  Figure 45 shows the flat 
Pyrex plate in operation.  Note that, due to an error in the white balance of the camera, 
the color is incorrect.  The true color should match that of Figure 44. 
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Figure 42:  Square quartz tube at 6 kV, 1 kHz. 
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Figure 43:  Square quartz tube at 5 kV, 3 kHz. 
 
 
a) 
 
b) 
Figure 44:  a) Plasma with air flow vertically downward, b) Plasma without air flow. 
 
 
 
Voltage 
Current 
Power 
 50 
 
a) 
 
b) 
Figure 45:  Transparent flat Pyrex plate contrasting a) filamentary mode versus b) a 
transition mode to uniformity. 
Reduction of filamentation 
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4.4 Flat Pyrex Plate Electrode 
4.4.1 Initial Testing 
 Initial testing was brief since it was found that this configuration had operating 
characteristics similar to that of the flat quartz plate design.  However, during this break-
in testing, fringing fields cause a point failure of the Pyrex resulting in a puncture through 
the glass.  As a result, the edges of the copper tape electrode were curled back to lower 
the electric field intensity at the edges of the copper tape closest to the minimum gap.  
This eliminated any possibility of future failures.  A minimum gap of 0.5 mm was chosen 
for this design, and an applied voltage of 8.5 kV at 4 kHz was used, as shown in Figure 
46.  The exposure drum was covered with a single layer of 50 m PET film.  The 
resulting current waveform reveals the same asymmetry of the current spiking per RF 
half-cycle as before, and the plasma volume was free of filamentation.   
 
 
Figure 46:  Flat quartz plate at 4 kHz, 8.5 kV. 
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4.3.2 Surface Treatment Results 
 With this configuration, surface treatment test were again conducted with HDPE 
and PET.  Five datum were taken for each set of operatiing conditions to increase 
accuracy.  Error bars are included to show the standard deviation.  The results for HDPE, 
shown in Figure 47, were very similar to the flat quartz plate design.  In comparing the 
previous test results to the ones below, it appears that it may not be possible to make 
HDPE wettable with an air plasma; the contact angle levels off at 40 degrees.  PET was 
not treated as fast in this experiment as before, as shown in Figure 48.  Pyrex has a higher 
dielectric loss factor than quartz, and this could be preventing the power density in the 
plasma volume from achieving the same level as before.  Nevertheless, PET is 
consistently being made wettable, even if not in the desired timeframe of less than one 
second.   
In this round of tests, the films were macroscopically examined to look for any 
evidence of pin-holing or other surface damage.  Magnification of 4X was realized using 
a reversed lens technique with a professional digital camera as discussed in the previous 
section.  Multiple images of each sample were made to discover any signs of pin-holing.  
Instances of these images are shown in Figure 49 for HDPE, and Figure 50 for PET.  
Within the resolution limits of these digital images, no damage was discovered on the 
surface. 
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Figure 47:  Surface treatment of HDPE:  Contact angle versus treatment time. 
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Figure 48:  Surface treatment of PET:  Contact angle versus treatment time. 
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a) 
 
b) 
Figure 49:  Digital image of HDPE a) before plasma treatment and b) after 
treatment. 
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a) 
 
b) 
Figure 50:  Digital image of PET a) before plasma treatment and b) after treatment. 
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V. Conclusions 
 The goal of this research program was to get the Mod-VIII reactor fully 
operational and properly operating in the OAUGDP® regime.  The Mod-VIII performs 
plasma surface treatment in a roll-to-roll mode of operation instead of batch processing, 
taking the OAUGDP® processing closer to industrial relevance.  Several design 
modifications were made, and a variety of electrode configurations were tested in order to 
optimize plasma production and achieve a uniform mode of operation.  Six electrode 
configurations were examined, the more promising of which were thoroughly studied 
with the resources available in the UT Plasma Sciences Laboratory. 
Surface treatment experiments with the goal of raising the surface energy of 
polymer films with an air plasma were conducted with two of the electrode 
configurations.  Two films, PET and HDPE, were treated.  Each film exhibited its own 
characteristic dependence on exposure time, with HDPE revealing a leveling off of 
contact angle at 40 degrees, short of our wettability goal of 20 degrees.  For neither film 
was this goal met, but results came very close for PET, which became fully wettable after 
3 seconds. 
Nevertheless, the Mod-VIII reactor has been operated successfully in the uniform 
mode, and is ready for the next stage of experimentation, mainly plasma chemical vapor 
deposition (PCVD).  It will be in this application that the Mod-VIII will realize its full 
potential. 
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